The roles of vitamin C on secondary pathological changes after spinal cord injury were investigated by evaluating the effects of dietary vitamin C on experimental spinal cord injury in a mutant strain of Wistar rats unable to synthesize ascorbic acid (ODS rats). Two groups of ODS rats were given vitamin C-deficient or vitamin C-supplemented diet for 1 week before injury. Motor disturbance induced by spinal cord injury was found to be greater in the vitamin C-deficient group. Histologically, the area of bleeding in the spinal cord was also greater in the vitamin C-deficient group. The levels of ascorbic acid and a-tocopherol in the spinal cord tissue and serum decreased during and after compression injury of the spinal cord. The decrease of a-tocopherol was similar in the two groups. However, the decrease of ascorbic acid was greater in the vitamin C-supplemented group. These results indicated that their protective effects against spinal cord injury are through scavenging water-soluble free radicals by vitamin C and lipid-soluble by vitamin E, and the effects of these vitamins were suggested to be independent.
Introduction
Ischemia and subsequent reperfusion injury of various tissues, including the brain, heart and uteroplacental system, are thought to be due to reactions of active oxygens. I -4 In the central nervous system, lipid peroxidation also has been believed to contribute secondar� pathological mechanism after spinal cord injury. 5 -The potential sources of oxygen radicals within the injured nervous system include the arachidonic acid cascade, catecholamine oxidation, mitochondrial leak, oxidation of extravasated hemo globin, and later-infiltration of neutrophils. 7 , 1O , 11 Free irons released from hemoglobin, transferrin and ferritin may also act as catalyzing the radical-initiated peroxidation of neuronal, glial and vascular cell membranes and myelin. 9 Protective effect of vitamin E on the spinal cord from pathophysiological changes after compression injury through inhibition of the subsequent increase of lipid peroxidation have been reported. 8 , 12 -14 We have also reported that vitamin E deficiency enhances tissue injury and increases lipid peroxidation. 13 , 14 Decrease of the ascorbic acid level in the injured spinal cord was reported and ascorbyl free radicals are regarded as reliable indicator of free radical mediated myocardial ischemia and postCorrespondence: Takaaki Ikata, MD ischemic injury. 15 , 16 Synergistic protective effects of vitamins C and E were reported against lipid peroxidation in a model membrane system 17 and in solution, 1 8 -20 and against oxidation of low density lipoprotein. 21 In the present study, we investigated the effect of vitamin C on experimental compression injury to the spinal cord in rat by using a mutant strain of Wistar rats unable to synthesize ascorbic acid.
Materials and methods
In the present study, we used male osteogenetic disorder Shionogi (ODS) rats (150-1S0 g, S weeks old, Japan Clear Co. Ltd.), which were a developed mutant strain of Wistar rats unable to synthesize ascorbate and requires dietary supplement of ascor bate. 22 , 23 The animals were fed commercial chow containing 91 IU of a-tocopherol/kg and 55 mg of ascorbate/kg and water containing 2.5 g of ascorbate/ litre for 7 weeks. Thereafter, the animals were given vitamin C-deficient chow containing 410 IU of a tocopherol/kg, and were divided into two groups. The control group of rats drank water containing 2.5 g of ascorbate/litre, and vitamin C-deficient group drank water without containing ascorbate for a week. Those animals at 16 weeks weighing 2S0 -300 g were used for experiments.
The animals were anesthetized by an intraperitoneal injection of sodium pentobarbital (2.1 mg/100 g body weight). Laminectomies were carried out at the levels of Th12 and an extradural compression injury (a 20 grams weight placed for 5 min) was induced at the Th12 as previously described. 14 Motor function of the hind limbs was assessed 1 day after injury using Tarlov's criteria as follows: 0, no voluntary movement; 1, perceptible movement; 2, good movement at joints but inability to stand; 3, ability to stand and walk; 4, complete recovery.20
The contents in the spinal cord and in the serum of 
Results
There was no significant difference in the body weights between vitamin C-supplemented (control) and vitamin C-deficient (VCD) groups at the time of the experiments. In the control group, the ascorbic acid levels were 112.98 ± 10.94 /lg/g wet weight in the spinal cord and 10.33 ± 0.99 /lg/ml in the serum. Those levels were significantly higher (P<O.OI) than those of the VCD group in the spinal cord (59.92±2.75 /lg/g wet weight) and in the serum (4.07 ±0.37 /lg/ml). However, the levels of IX-tocopherol in the spinal cord and in the serum of the two groups were similar (Table 1) as III the serum after compression Ill Jury (Figure 3a and b). However, the decreases in both groups were not different significantly. During the compression, the TBARS value in creased to 139.0±4.45 nmol wet weight in VCD group, and 117.09 ± 4.48 nmol/l 00 g wet weight in the control group. The values in both groups increased after removal of the weights and then decreases gradually, and the values in the VCD groups were consistently higher than those in the control group (Figure 4) .
Histological examination demonstrated a small area of hemorrhage in the grey matter and moderate 
Time (min) 120 Figure 4 Changes of TBARS levels in the spinal cord and in the serum after compression injury with a 20 g weight for 5 min. Points and bars represent mean and standard deviation for six animals oedema in the dorsal funiculus in the control group ( Figure 5 ). In the VCD groups, multiple large area of hemorrhage and marked oedema were observed. The extent of the hemorrhage in the spinal cord 24 h after injury was significantly greater (n = 8 in each group, P < 0.0 I, unpaired t test) III the V CD group (6.72±2.02%) than III the control group (1.80± 1.04%). bleeding in the spinal cord of ODS rats might be affected by the diet without ascorbic acid for a week, these rats were fed ascorbic acid rich diet for 7 weeks from birth enable them to form collagen properly and stock it in their bodies. Therefore, these results suggested that the functional effect of vitamin C on ODS rats is derived from its antioxidant effect.
Ascorbic acid is not synthesized in the central nervous system, Under normal condition, its levels are closely regulated, and is conserved with a turnover rate of 2% h.3 1 ,32 In the central nervous system injury, it is reported that the decrease of ascorbic acid does not reflect the degree of the injury, Vitamin C may be unable to trap peroxyl radicals in the lipid phase, but it is able to regenerate vitamin E from the a tocopheroxyl radical, 1 8 , 1 9 , 33 which suggested that the anti oxidative function of ascorbic acid is synergisti cally correlated with a-tocopherol. 29 The present study demonstrated that ascorbic acid decreased significantly after compression injury under vitamin C-rich condi tion, though the decrease of a-tocopherol was small ( Figures I and 2) . These results were consistent with the earlier reports?9,34 However, the decreases of a tocopherol levels of both groups were similar, although the decrease of ascorbic acid was signifi cantly different between two groups. If ascorbic acid is consumed in order to recycle vitamine E, the present results indicate that such an effect of vitamin C would be small unable to affect the level of a-tocopherol, or the decrease of a-tocopherol in the control group should be smaller than that of the vitamin C-deficient group. The effect of dietary vitamin C was proved by the analysis of motor function, and the decrease of a tocopherol was similar in both groups. Thus, the antioxidant effect of ascorbic acid after spinal cord injury may be independent from that of a-tocopherol and may act on hydrophilic condition,35 Involvement of the other scavengers including glutathione should be considered in this com � lexity of these processes and remains to be elucidated. 6 
